Drosophila Pimples (PIM) and Three rows (THR) are required for sister chromatid separation in mitosis. PIM accumulates during interphase and is degraded rapidly during mitosis. This degradation is dependent on a destruction box similar to that of B-type cyclins. Nondegradable PIM with a mutant destruction box can rescue sister chromatid separation in pim mutants but only when expressed at low levels. Higher levels of nondegradable PIM, as well as overexpression of wild-type PIM, inhibit sister chromatid separation. Moreover, cells arrested in mitosis before sister chromatid separation (by colcemid or by mutations in fizzy/CDC20) fail to degrade PIM. Thus, although not related by primary sequence, PIM has intriguing functional similarities to the securin proteins of budding yeast, fission yeast, and vertebrates. Whereas these securins are known to form a complex with separins, we show that PIM associates in vivo with THR, which does not contain the conserved separin domain.
Pairs of sister chromatids are generated during the S phase of the eukaryotic cell division cycle. Sister chromatids remain paired throughout the G2 phase and during the initial phase of mitosis (prophase) while chromatin is condensed and the spindle is assembled. However, the cohesion between sister chromatids is ultimately destroyed at the metaphase-anaphase transition allowing their segregation to opposite poles. Considerable progress has been made recently in understanding the molecular basis of cohesion and separation of sister chromatids (for review, see Zachariae and Nasmyth 1999; Nasmyth et al. 2000) . Cohesion is known to be dependent on the binding of the cohesin protein complex to nascent sister chromatids during S phase (Guacci et al. 1997; Michaelis et al. 1997; Losada et al. 1998; Uhlmann and Nasmyth 1998; Blat and Kleckner 1999; Tanaka et al. 1999; Toth et al. 1999; Watanabe and Nurse 1999) . Separation of sister chromatids in budding yeast mitosis requires the proteolytic processing of the cohesin subunit Scc1p/Mcd1p during the metaphase-anaphase transition . In vertebrates, cohesin complexes dissociate from chromosomes already during prophase concomitant with chromatin condensation and well before the onset of sister chromatid separation (Losada et al. 1998; Darwiche et al. 1999) . Moreover, Scc1p cleavage during prophase is not detectable in Drosophila (S. Heidmann, unpubl.) . However, it is not excluded that residual cohesin complexes might persist in particular in the centromeric region of vertebrate chromosomes. The final separation of sister chromatids in higher eukaryotes, therefore, might also result from Scc1p cleavage during the metaphase-anaphase transition.
This hypothesis of a conserved mechanism of sister chromatid separation in eukaryotes is supported by findings concerning the role of the separin and securin proteins (Nasmyth et al. 2000) . The separins (Esp1p, Cut1, BimB) were implicated originally in mitosis based on genetic analyses in fungi. Homologous genes have been detected recently in plant and animal species. All these separins share a conserved carboxy-terminal domain, the separin domain. The budding yeast separin Esp1p is known to be required for Scc1p cleavage and sister chromatid separation . Separins are thought to be activated only during the metaphase-anaphase transition. Premature activation of separins is prevented by securin proteins that accumulate during interphase and bind to the separins. The budding yeast securin Pds1p forms a complex with Esp1p . The fission yeast securin Cut2 binds to Cut1 (Funabiki et al. 1996a; Yanagida 2000) . In vertebrates, the protein encoded by the pituitary tumor transforming gene (PTTG) associates with a protein containing the conserved separin domain (Zou et al. 1999) . All these securins (Pds1p, Cut2, PTTG) share essentially no sequence similarity except for the presence of at least one destruction box, a nine amino acid consensus motif [RX(A or V or L) LGXXXN] originally defined in B-type cyclins. Securins are therefore degraded rapidly during the metaphase-anaphase transition like mitotic cyclins. Securin proteins with mutations in the destruction box fail to be degraded and inhibit sister chromatid separation in yeast and in Xenopus extracts (Cohen-Fix et al. 1996; Funabiki et al. 1996b Funabiki et al. , 1997 Zou et al. 1999) .
Mitotic proteolysis of destruction box proteins occurs after polyubiquitination resulting from the activation of a special ubiquitin ligase known as anaphase-promoting complex/cyclosome (APC/C). APC/C activation, therefore, is a crucial step in the regulation of the metaphase-anaphase transition (for review, see Zachariae and Nasmyth 1999) . This activation process is not yet fully understood. However, it is clear that the WD-40 repeat proteins Fizzy/Cdc20p and Fizzy-related/Hct1p/Cdh1p play important roles in APC/C regulation. These proteins bind to the APC/C in different cell cycle phases and respond to different regulatory inputs. While Drosophila Fizzy-related is known to be essential for the degradation of mitotic cyclins in G1, Fizzy is required for cyclin degradation and sister chromatid separation during mitosis (Sigrist et al. 1995; Sigrist and Lehner 1997) . The dependency of sister chromatid separation on Cdc20p function has been explained in budding yeast by the finding that Cdc20p is required for the degradation of the securin Pds1p (Visintin et al. 1997; Lim et al. 1998; Shirayama et al. 1999) . Fizzy/Cdc20p is inactivated in the presence of unattached kinetochores and spindle damage by a mitotic checkpoint pathway which results in the binding of the inhibitor Mad2p to the Fizzy/Cdc20p-APC/C complex (Chen et al. 1996; Fang et al. 1998; Hwang et al. 1998; Kallio et al. 1998; Kim et al. 1998; Alexandru et al. 1999; Waters et al. 1999; Zachariae and Nasmyth 1999) . This checkpoint pathway therefore assures that sister chromatid separation and exit from mitosis occur only when all chromosomes have acquired the correct bipolar orientation within a functional spindle.
With the exception of securins, all the components involved in the control of sister chromatid separation that have been introduced above are highly conserved in eukaryotes. Interestingly, we have identified previously two nonconserved Drosophila genes, pimples (pim) and three rows (thr), which are both required specifically for sister chromatid separation during mitosis (D'Andrea et al. 1993; Stratmann and Lehner 1996) . We show that the Pimples protein (PIM) shares extensive functional similarities with securin proteins and in particular with Cut2 from fission yeast. Moreover, we demonstrate that PIM is found in a complex with Three rows protein (THR). Our results indicate that the regulation of sister chromatid separation in Drosophila involves securin-like proteins that associate with proteins lacking the evolutionary conserved separin domain.
Results

PIM and THR are present in a complex
Neither PIM nor THR share significant sequence similarities with known proteins, and their biochemical function is not known. However, the indistinguishable phenotypes resulting from null mutations in pim and thr suggested that the corresponding gene products might function in a complex. Therefore, we analyzed PIM-THR complex formation by coimmunoprecipitation. Extracts were prepared from embryos carrying transgenes (gpim-myc or gthr-myc) allowing expression of either PIM protein with a carboxy-terminal extension of six myc epitope copies or THR protein with a carboxy-terminal extension of 10 myc epitope copies under the control of the corresponding genomic promoters. These myc-tagged proteins are functional because the transgenes can rescue pim and thr mutants, respectively. Anti-myc immunoprecipitates of PIM-myc were found to contain THR (Fig. 1) . Conversely, immunoprecipitates of THR-myc contained PIM (Fig. 1) . Control immunoprecipitates of CDK1-myc contained Cyclin B, as expected, but did not contain PIM or THR (Fig. 1) , indicating that coimmunoprecipitation of PIM and THR is specific. Our coimmunoprecipitation experiments also indicated that the PIM-THR complex does not contain multiple copies of PIM and THR. In case of complexes with multiple copies, PIM-myc and THR-myc immunoprecipitates would be expected to contain wild-type PIM and THR, respectively. However, the products expressed from the endogenous loci were not coimmunoprecipitated by the myc-tagged transgene products (Fig. 1) . 
Mitotic PIM degradation depends on a destruction box and is required for sister chromatid separation
By immunolabeling we have shown previously that PIM-myc is cleared from mitotic cells after the metaphase-anaphase transition similar to Cyclin B (Stratmann and Lehner 1996) . The mitotic degradation of Cyclin B and other mitotic regulators is dependent on the presence of a destruction box motif in the amino-terminal region (Peters et al. 1998) . Drosophila Cyclin B lacking this destruction box cannot be degraded during mitosis and blocks exit from mitosis (Rimmington et al. 1994; Sigrist et al. 1995 ; Fig. 2A-C) . Although PIM does not have a motif that fits the RX(A or V or L)LGXXXN consensus sequence of mitotic destruction boxes (King et al. 1996; Peters et al. 1998; Zou et al. 1999) , it contains the related sequence KKPLGNLDN. To determine whether this sequence variant can function as a destruction box, we expressed a mutant Cyclin B protein in Drosophila embryos that had this PIM motif instead of the Cyclin B destruction box. The PIM motif conferred mitotic instability indistinguishable from wild-type Cyclin B and did not result in a mitotic arrest (Fig. 2 , cf. D-F with G-L). When the PIM motif was mutated from KKPLGNLDN to AKPAGNLDA (dba), it was no longer able to functionally replace the destruction box in Cyclin B (data not shown).
To determine whether the KKPLGNLDN sequence is required for PIM degradation during mitosis, we introduced the dba mutation into a pim transgene (UAS- Figure 2 . The PIM destruction box variant can replace the Cyclin B destruction box. prd-GAL4, which directs UAS target gene expression in alternating segments starting before mitosis 15 of Drosophila embryogenesis, was used to express either Cyclin B with the myc epitope in place of the destruction box (UAS-CycB-dbm; A-C), or Cyclin B with the endogenous destruction box (UASCycB-dbCycB; D-F), or Cyclin B with the PIM destruction box (UAS-CycB-dbpim; G-L). Embryos (A,D,G) were fixed during the stage of mitosis 15 and double-labeled with antibodies against Cyclin B (CycB; A, B,D,E,G,H,J) , tubulin (tub; C,F,I,K) and a DNA stain (DNA; L). Higher magnification views of the embryonic epidermis (B,C,E,F,H,I) are shown with the regions of UAS target gene expression to the right of the dashed vertical lines. UAS target gene expression is absent from the regions on the left of the dashed vertical line. These regions express only endogenous Cyclin B and serve as internal control for progression through mitosis 15. Progression through mitosis 15 is accompanied by degradation of Cyclin B protein when carrying a functional degradation box and occurs in a segmentally repeated pattern (Foe et al. 1993 ) first in the dorsal epidermis (above the horizontal dashed line) and only later in the ventral epidermis (below the horizontal dashed line). At the stage shown, mitosis 15 is largely completed in the dorsal epidermis and just starting in the ventral epidermis. Nondegradable Cyclin B with the myc epitope in place of the destruction box blocks exit from mitosis and results in an enrichment of mitotic figures (C, upper right) in cells that are labeled by anti-Cyclin B (B, upper right) . In contrast, Cyclin B with the PIM motif in place of the destruction box does not block exit from mitosis and is degraded during late mitosis as illustrated in the regions shown at even higher magnification (J-L). Arrowheads mark a telophase cell that is not labeled with anti-Cyclin B (J) while the neighboring metaphase cells (right) are strongly labeled. The structure of the different UAS-transgenes is schematically illustrated above the panels with the corresponding results. pim dba -myc). The mutant PIM dba -myc protein product was found to be stable during mitosis, while wild-type PIM-myc expressed from an analogous transgene (UASpim-myc) was degraded normally (Fig. 3 , cf. A,B with E,F). PIM dba -myc did not block the mitotic degradation of Cyclin A (data not shown) and Cyclin B (Fig. 3G) indicating that it does not inhibit the APC/C-dependent degradation pathway. Interestingly, however, PIM dba -myc was found to block sister chromatid separation. In UASpim dba -myc-expressing embryos, we observed only abnormal, decondensing metaphase plates in the regions without Cyclin B labeling (Fig. 3H, see arrows) instead of anaphase and telophase figures which are abundant in those regions of control embryos that have degraded Cyclin B and thus have progressed beyond the metaphaseanaphase transition (Fig. 3D, see arrowheads) . Early mitotic figures (prophase and metaphase) were normal in UAS-pim dba -myc-expressing embryos, and tubulin labeling revealed the presence of mitotic spindles ( Fig. 4E ; data not shown). The observation that congression of mitotic chromosomes into the metaphase plate occurred normally indicated that PIM dba -myc does not interfere with spindle function.
The nos-GAL4-GCN4-bcd3ЈUTR transgene used in these experiments to drive UAS-pim dba -myc expression resulted in a graded expression with a maximum at the anterior pole of the embryo. Whereas an apparently complete block of sister chromatid separation occurred in regions with high levels of expression ( Fig. 3F-H) , only a partial inhibition was observed in regions with lower expression levels. In these regions, aberrant anaphase and telophase figures with chromatin bridges were frequent (data not shown).
To confirm that high levels of UAS-pim dba -myc expression abolished sister chromatid separation specifically and not other processes during cell cycle progression, we analyzed mitotic chromosomes from UASpim dba -myc I.1; UAS-pim dba -myc III.1/da-GAL4 embryos after treatment with the microtubule destabilizing drug colcemid (demecolcine) during the stage of mitosis 16. In these embryos, sister chromatid separation appeared to be inhibited completely during mitosis 15 which follows after the onset of da-GAL4-driven UAStransgene expression (data not shown). Thus, after nondisjunction of sister chromatids during mitosis 15 and re-replication during S phase 16, diplochromosomes would be expected to be present during the colcemidarrested mitosis 16. In fact, whereas we observed only normal mitotic chromosomes in control embryos (Fig.  3I ), mitotic cells with a normal number of chromosomes that had twice as many arms than normal chromosomes were present in the UAS-pim dba -myc-expressing embryos (Fig. 3J ). The presence of these diplochromosomes demonstrates that UAS-pim dba -myc expression specifically blocks sister chromatid separation.
The finding that sister chromatid separation was inhibited by the nondegradable PIM dba -myc protein suggested that this process is dependent on mitotic PIM degradation. High levels of wild-type PIM resulting from overexpression, therefore, might inhibit sister chromatid separation equally. In fact, sister chromatid separation Figure 3 . PIM with mutations in the destruction box motif is stable in mitosis and inhibits sister chromatid separation. nos-GAL4-GCN4-bcd3ЈUTR was used to express either wild-type PIM with carboxy-terminal myc epitopes (UAS-pim-myc; A-D) or PIM with carboxy-terminal myc epitopes and a mutant destruction box (UAS-pim dba -myc; E-H) in the anterior region of gastrulating embryos. Embryos (A,E) were fixed and labeled with antibodies against the myc epitope (myc; A,B,E,F), Cyclin B (CycB; C,G) and a DNA stain (DNA; D,H). Arrowheads in the high magnification views of a head region indicate normal anaphase and telophase figures (B-D), while arrows mark abnormal "metaphase" plates with decondensing chromosomes (E-H) in regions that lack anti-Cyclin B labeling and thus have progressed beyond the metaphase-anaphase transition. UAS-pimdba -myc I.1; UAS-pim dba -myc III.1 embryos for control (I) and UAS-pim dba -myc I.1/+; UAS-pim dba -myc III.1/da-GAL4 embryos (J), in which mitosis 15 is the first division affected by the expression of nondegradable PIM, were incubated in colcemid at the stage of mitosis 16 before preparation of mitotic chromosome spreads stained for DNA. Diplo-chromosomes (J) indicating the failure of sister chromatid separation during mitosis 15 were not observed in controls (I).
failed when two copies of the UAS-pim-myc transgene were expressed during the embryonic mitoses using the da-GAL4 or prd-GAL4 transgenes ( Fig. 4C-F) . Expression of one UAS-pim-myc copy did not inhibit sister chromatid separation (Fig. 4A,B) . Quantitative immunoblotting experiments indicated that ubiquitous expression of two UAS-pim-myc copies with da-GAL4 resulted in about five-fold higher levels of expression compared to wild type (data not shown). Although this level of overexpression inhibited sister chromatid separation, it did not interfere with mitotic cyclin destruction. Moreover, UAS-pim-myc overexpression in endoreduplicating salivary gland cells throughout late embryogenesis and larval development had no effect, whereas it resulted in severe phenotypic abnormalities in mitotically proliferating imaginal disc cells (data not shown). Overexpression of wild-type pim, therefore, is not generally cytotoxic and inhibits sister chromatid separation specifically.
Interestingly, the phenotype resulting from UASpim dba -myc and UAS-pim-myc overexpression is identical to the phenotype observed in mutant embryos lacking pim function (Stratmann and Lehner 1996) . It appears, therefore, that both the accumulation of PIM during interphase as well as the subsequent degradation during mitosis are important for sister chromatid separation.
PIM degradation is regulated by the spindle checkpoint
Mitotic degradation of Cyclins A, B, and B3 requires Fizzy/Cdc20p, an activator of APC/C-dependent ubiquitination (Dawson et al. 1995; Sigrist et al. 1995) . To evaluate whether Fizzy is also involved in PIM degradation during mitosis, we analyzed the consequences of UAS-pim-myc expression in fizzy mutants. The maternal fizzy contribution present in fizzy mutants is sufficient for progression through all of the 16 embryonic divisions in the dorsal epidermis when UAS-pim-myc is not expressed (Sigrist et al. 1995) . However, when UASpim-myc was expressed, sister chromatid separation was found to be inhibited in the dorsal epidermis of fizzy mutants during mitosis 16, while exit from this mitosis 16 still occurred. Importantly, in contrast to the results observed in wild-type embryos (Fig. 4A,B) , expression of just one UAS-pim-myc copy was already sufficient for inhibition of sister chromatid separation in the dorsal region of fizzy mutants (Fig. 5A ,B) and resulted in a phenotype that was only observed in wild-type embryos when two UAS-pim-myc copies were expressed (Fig. 4C, D) .
In the ventral region of fizzy homozygotes, the maternal fizzy contribution is not sufficient to allow completion of mitosis 16. Therefore, a large fraction of ventral cells become arrested during metaphase 16 in fizzy mutants (Dawson et al. 1995; Sigrist et al. 1995) . When UAS-pim-myc was expressed in fizzy mutants, we observed very strong anti-myc labeling in the arrested cells of the ventral region (Fig. 5C ). This labeling was much more intense than in the dorsal UAS-pim-myc expressing cells that were not arrested (Fig. 5A) . The persistence of PIM-myc during metaphase arrest resulting from lack of fizzy function was also observed when expression was directed at lower levels by transgenes under the control of the pim + regulatory region (data not shown). Moreover, immunoblotting experiments confirmed that the endogenous PIM protein is also stabilized in fizzy homozygotes (Fig. 5E ). We conclude, therefore, that fizzy is required for PIM degradation during mitosis.
Spindle defects result in a mitotic checkpoint arrest during which sister chromatids do not separate, possibly because PIM is not degraded. To evaluate whether PIM is prd-GAL4 (A-D) or da-GAL4 (E,F) was used for overexpression of wild-type PIM with carboxy-terminal myc epitopes from either one (A,B) or two (C-F) UAS-pimmyc transgene copies. Embryos were fixed either after mitosis 16 (A-D) or during mitosis 16 (E,F) and labeled with antibodies against the myc epitope (myc; A,C), tubulin (tub; E) and with a DNA stain (DNA; B,D,F) . Overexpression from one UAS-pim-myc copy does not affect progression through the sixteenth embryonic division. The normal nuclear density is therefore observed in the prd-GAL4-expressing segments (A,B, white horizontal bars). In contrast, overexpression from two UAS-pim-myc copies results in inhibition of sister chromatid separation during mitosis 16. Arrowheads in E and F indicate cells during telophase of mitosis 16 with unseparated chromosomes. As a consequence, cytokinesis fails as well, but exit from mitosis 16 occurs normally. This failure of sister chromatid separation and cytokinesis is evidenced by the lower density of interphase nuclei in the prd-GAL4-expressing segments (C,D, white bars) after mitosis 16. stable during a mitotic checkpoint arrest, we treated UAS-pim-myc-expressing embryos with colcemid ( Fig.  5J-M ) and used mock-treated embryos as control ( Fig.  5F-I ). These embryos were subsequently labeled with a DNA stain (Fig. 5F ,J) to identify arrested cells and with anti-myc antibodies (Fig. 5H,L) to monitor the presence of PIM-myc. We also labeled the embryos with an antibody against Cyclin A (Fig. 5G,K) which is known to be degraded in colcemid-arrested cells in contrast to Cyclin B (Whitfield et al. 1990 ). PIM-myc remained clearly detectable in mitotic domains of arrested cells with condensed chromosomes and without Cyclin A labeling (Fig. 5L ,M, see cells labeled "c"). These observations demonstrate that PIM is not degraded in cells arrested by the spindle checkpoint pathway.
Sister chromatid separation in the presence of low levels of nondegradable PIM
The PIM persistence in cells arrested by colcemid or lack of fizzy, as well as the inhibition of sister chromatid separation resulting from UAS-pim dba -myc and UASpim-myc expression, were consistent with the notion that sister chromatid separation is strictly dependent on PIM degradation during mitosis. However, the experiments with UAS-pim (Fig. 6 ) and analyzed the consequences of gpim dba -myc expression in pim mutants (Fig. 7) . The insertion gpim dba -myc II.5, which resulted in lethality when homozygous, was found to result in expression levels that were only ∼25% lower as those of the endogenous locus (Fig. 6) . In these experiments, protein products resulting from early zygotic expression during < 2 embryonic cell cycles were compared (see Materials and Methods). Comparison of protein levels that had accumulated during this brief phase was chosen as the difference in PIM-myc and PIM dba -myc levels is likely to increase with every cell cycle due to the differential stability during mitosis. Moreover, the maternal pim + contribution is known to be exhausted in pim mutants at this stage (Stratmann and Lehner 1996 ; see also Fig. 7A-C) . Thus the consequences of gpim dba -myc expression on progression through mitosis in the absence of wildtype pim + were also analyzed at this stage ( Fig. 7D-F (Fig. 7D-F) . However, a significant fraction of anaphase and telophase figures (∼10%) had chromatin bridges (Fig. 7D, see asterisk) suggesting that sister chromatid separation was not always normal. Moreover, myc is associated with THR (Fig. 1) . The dba mutation therefore appears to interfere specifically with mitotic degradation. The observation that sister chromatid separation is not inhibited in the presence of near physiological levels of nondegradable PIM dba -myc argues strongly that sister chromatid separation is likely to be controlled by other mechanisms operating in addition to PIM degradation.
Discussion
PIM is degraded during the metaphase-anaphase transition. This mitotic degradation of PIM is dependent on a destruction box motif that deviates at the first invariant position of the hitherto established destruction box consensus. While all previously characterized destruction boxes start with an arginine (King et al. 1996; Peters et al. 1998 ), we find a lysine in the PIM motif. However, this PIM variant can replace the destruction box of Cyclin B. Moreover, we find that Fizzy, an activator of the APC/C that is required for the degradation of mitotic cyclins (Dawson et al. 1995; Sigrist et al. 1995) , is also required for PIM degradation. We assume, therefore, that PIM is degraded by the proteasome after APC/C-dependent polyubiquitination just like the mitotic cyclins.
PIM degradation during mitosis appears to be an important step for sister chromatid separation. Overexpression of wild-type PIM and nondegradable PIM results in a complete inhibition of sister chromatid separation. We have shown previously that sister chromatid separation is equally defective in the absence of PIM (Stratmann and Lehner 1996) . PIM therefore can act as both an activator and an inhibitor of sister chromatid separation.
Inhibitors of sister chromatid separation which are degraded during the metaphase-anaphase transition by the APC/C pathway, and which function to a variable extent as activators of sister chromatid separation, have been described previously in yeast and vertebrates (Cohen-Fix et al. 1996; Funabiki et al. 1996b; Zou et al. 1999 ). These securin proteins (S. cerevisiae Pds1p, S. pombe Cut2, vertebrate PTTG) have an additional property in common. They all bind to proteins containing a conserved carboxy-terminal separin domain (S. cerevisiae Esp1p, S. pombe Cut1, vertebrate Esp1p). The separin proteins play a crucial role for sister chromatid separation. The functional characterization of budding yeast separin Esp1p has suggested that it may function as a protease which cleaves a cohesin subunit and thereby causes the dissolution of sister chromatid cohesion at the metaphase-anaphase transition Nasmyth et al. 2000) . In addition, separin proteins might also be involved in the regulation of spindle function (Yanagida 2000) . Premature activation of separin activity is restricted by the securin proteins Kumada et al. 1998; Uhlmann et al. 1999 ).
We do not know whether PIM binds to a protein with a separin domain. The Drosophila genome sequence predicts the existence of a protein with a separin domain (Gadfly gene number CG 10583). Interestingly, this Drosophila separin homolog exhibits less sequence conservation than all the other known separin proteins from fungi, plants, nematodes, and vertebrates. The Dro- sophila protein is highly divergent in one of the conserved motifs within the carboxy-terminal separin domain and has a relatively small amino-terminal domain (H. Jä ger, S. Heidmann and C.F. Lehner, unpubl.) . The amino-terminal regions of separin proteins generally show very little sequence conservation, but the fission yeast securin has been shown to bind to this nonconserved region. Although the separin proteins share at least a related carboxy-terminal domain, securin proteins do not display significant sequence similarity. The only conserved feature of the securins is the distribution of charged residues. The amino-terminal region is highly basic and the carboxy-terminal region highly acidic. This charge distribution is also present in PIM. It is therefore entirely possible that PIM represents a securin protein involved in the regulation of a Drosophila separin.
Although we do not yet know whether PIM binds to a separin protein, we can clearly demonstrate that PIM associates with THR in vivo. Like PIM, THR is also required for sister chromatid separation and shows no significant similarity to known proteins (D'Andrea et al. 1993) . A further detailed characterization of the PIM-THR complex is underway including an analysis of its relationship to separin complexes. Three main hypotheses will have to be addressed:
1. The separin gene might have broken apart during the evolution of Drosophila melanogaster resulting in the thr gene encoding the nonconserved amino-terminal region and a distinct gene encoding the conserved carboxy-terminal separin domain which might also be part of the PIM-THR complex. The PIM-THR complex might therefore be largely equivalent to the securin/separin complex. 2. Instead of playing the role of the amino-terminal separin region, THR might be a novel separin-associated protein. Unknown separin-associated proteins in addition to the known securins were revealed by affinity purification in Xenopus (Zou et al. 1999) but not in budding yeast ). 3. The PIM-THR complex might be distinct from securin/separin complexes. We emphasize that the role of higher eukaryote separin proteins have not yet been studied in detail and that the vertebrate homolog of the budding yeast cohesin subunit Scc1p dissociates from chromatin already during prophase, presumably as a requirement for chromatin condensation (Nasmyth et al. 2000) . It remains a possibility therefore, that additional mechanisms have evolved in higher eukaryotes to maintain sister chromatid cohesion until the metaphase-anaphase transition, in particular in the centromeric region. The PIM-THR complex might be involved in the dissolution of this residual cohesion maintained in the centromeric region of higher eukaryote mitotic chromosomes. Maintenance of cohesion in the centromeric region is also of particular importance during the first meiotic division and a gene specifically required for this maintenance has been identified in Drosophila. Interestingly, this gene (Mei-S332) has no obvious homologs in other species, and it has been proposed to be involved in maintaining cohesion not only during the first meiotic division but also during mitotic divisions (Tang et al. 1998 ).
Apart from their shared functions (inhibition of sister chromatid separation, separin binding, APC/C substrate) the securins Pds1p, Cut2, and PTTG differ with regard to their role as positive regulators of sister chromatid separation and their involvement in checkpoint mechanisms. The following comparisons indicate that PIM is functionally most similar to fission yeast Cut2. Both proteins provide a positive and essential function. They are absolutely required for sister chromatid separation (Uzawa et al. 1990; Stratmann and Lehner 1996) . In contrast, budding yeast Pds1p is clearly not required for sister chromatid separation in unperturbed cells (Yamamoto et al. 1996a; Alexandru et al. 1999) . Pds1p is only essential at high temperatures and in the presence of DNA damage, lagging chromosomes and spindle damage. Moreover, while Cut2 appears to function only in mitotic checkpoint control, Pds1p has been implicated in both DNA damage and mitotic checkpoint pathways (Yamamoto et al. 1996a,b; Koshland 1997, 1999; Alexandru et al. 1999; Tinker-Kulberg and Morgan 1999) . Overexpression of nondegradable mutant Pds1p inhibits both sister chromatid separation and exit from mitosis in budding yeast (Cohen-Fix and Koshland 1999; Tinker-Kulberg and Morgan 1999) . In contrast, only the former process appears to be blocked by nondegradable mutant Cut2 in fission yeast (Funabiki et al. 1996b ). This differential involvement in checkpoint regulation might reflect a fundamental physiological difference between budding and fission yeast. DNA damage causes fission yeast (and animal cells) primarily to block entry into mitosis by preventing Cdk1 activation. In contrast, DNA damage inhibits the metaphase-anaphase transition in budding yeast and Pds1p is of major importance for this DNA damage checkpoint arrest. It is not known whether PIM and vertebrate PTTG are involved in a DNA damage checkpoint pathway. However, based on the effects caused by the expression of nondegradable mutant proteins, PIM and vertebrate PTTG appear to be more similar to Cut2 than to Pds1p. Nondegradable PTTG and PIM inhibit only sister chromatid separation but not the degradation of mitotic cyclins and exit from mitosis (Zou et al. 1999 ; this paper).
The mitotic checkpoint pathway which delays the metaphase-anaphase transition in the presence of unattached kinetochores prevents the activation of APC/C by Fizzy/Cdc20p . As a consequence, mitotic cyclins and securins persist in the arrested cells. In budding yeast, the persistence of Pds1p has been demonstrated to be required for the inhibition of sister chromatid separation by elegant and conclusive genetic experiments involving cells lacking PDS1 (Yamamoto et al. 1996b; Zachariae et al. 1998; Alexandru et al. 1999) . Although not proven, the persistence of fission yeast Cut2 and vertebrate PTTG in checkpoint arrested cells is also thought to be responsible for the inhibition of sister chromatid separation. We show that PIM persists in mitotic checkpoint-arrested cells as well. As in the case of Cut2, however, the essential positive role of PIM in sister chromatid separation makes it impossible to demonstrate that this PIM persistence is responsible for the inhibition of sister chromatid separation in the same elegant way realized in budding yeast. It is clear, however, that PIM levels are of crucial importance for sister chromatid separation. Our results demonstrate that modest overexpression of nondegradable PIM leads to a complete inhibition of sister chromatid separation. Moreover, higher but still relatively modest levels of wild-type PIM overexpression (∼fivefold) inhibit as well. In this context, we consider it very likely that overexpression of the vertebrate securin PTTG results in chromosome instability, explaining its oncogenic potential (Pei and Melmed 1997; Zhang et al. 1999) .
Even though our findings demonstrate clearly the importance of PIM degradation, they cannot answer the question whether PIM protein persistence is responsible for the inhibition of sister chromatid separation in cells arrested by the spindle checkpoint. In this case, one would expect physiological levels of nondegradable PIM to inhibit sister chromatid separation completely. However, most cells with near physiological levels of mutant, nondegradable PIM protein (∼75% of wild type) instead of normal PIM appear to separate sister chromatids without major problems. Although not excluded, it appears unlikely, therefore, that the persistence of PIM protein during a mitotic checkpoint arrest is solely responsible for the block of sister chromatid separation. PIM persistence might be only one of several measures that cooperatively prevent premature sister chromatid separation in the presence of spindle damage. However, we emphasize that it remains to be shown that the myc epitopes present at the carboxyl terminus of the nondegradable PIM protein expressed in our experiments do not reduce the anaphase inhibitor function of PIM.
The almost normal progression through mitosis in the presence of near physiological levels of nondegradable PIM suggests that the onset of sister chromatid separation is not determined exclusively by the kinetics of PIM degradation. We have not detected an increase in the fraction of cells with metaphase plates in the presence of nondegradable PIM and careful examination by confocal microscopy did not reveal any residual partial degradation of the mutant PIM protein. The notion that the timing of sister chromatid separation during mitosis can be controlled by pathways that are independent of PIM degradation is also supported by the observation that expression of nondegradable Cyclin A clearly delays the metaphase-anaphase transition (Sigrist et al. 1995) even though it does not appear to result in a delay of PIM degradation (O. Leismann and C.F. Lehner, unpubl.) . The timing of sister chromatid separation under normal conditions in budding yeast, when spindle or DNA damage checkpoints are not activated, is also not controlled by Pds1p degradation, because it occurs with normal kinetics in cells lacking Pds1p (Alexandru et al. 1999) .
We conclude that PIM levels that are controlled by mitotic degradation are of crucial importance for sister chromatid separation. PIM therefore shares extensive similarities with securin proteins. Although its role in the regulation of Drosophila separin remains to be analyzed, it is clear that it associates with THR, a protein that is equally important for sister chromatid separation and that does not contain a separin domain.
Materials and methods
Drosophila stocks
The alleles fzy 1 , fzy 3 , and pim 1 were used in our experiments (Nü sslein- Volhard et al. 1984; Dawson et al. 1993; Stratmann and Lehner 1996) . Second site lethal mutation present on the original pim 1 chromosome were removed by meiotic recombination. The lethality resulting from homozygosity of the pim 1 chromosome which was used in this study was completely prevented by a pim + transgene (Stratmann and Lehner 1996) , indicating the absence of other lethal mutations except for the mutation in pim.
For expression of UAS transgenes, we used the following GAL4 transgenes: prd-GAL4 (Brand and Perrimon 1993) , da-GAL4 G32 (Wodarz et al. 1995) , arm-GAL4 (Sanson et al. 1996) , F4, which results in expression in salivary glands (Weiss et al. 1998) , and nos-GAL4-GCN4-bcd3ЈUTR (kindly provided by N. Dostatni, LGPD, IBDM, Marseille, France). A nos + promoter directs transcription of the nos-GAL4-GCN4-bcd3Ј UTR transgene during oogenesis. The 3Ј UTR from bcd which is present in the resulting transcripts leads to mRNA localization to the anterior end of the egg. The GAL4-GCN4 fusion protein translated from this mRNA, therefore, forms a concentration gradient with maximal concentrations at the anterior pole and results in graded expression of UAS target genes starting during cellularization in cell cycle 14 of embryogenesis.
The UAS-CycB (Weiss et al. 1998 ) and UAS-Cdk1-myc (Meyer et al. 2000) lines have been described previously. The UAS-Cdk1-myc transgene allows Gal4p-dependent expression of functional Drosophila Cdk1 with a carboxy-terminal extension consisting of six myc epitope copies. UAS-CycA-⌬170 (TF73) was kindly provided by Frank Sprenger (University of Cologne, Germany). The UAS-CycA-⌬170 transgene allows expression of Drosophila Cyclin A-lacking amino acids 1-170 which contains the signals required for mitotic destruction (Sigrist et al. 1995; Sprenger et al. 1997) .
Lines with UAS-CycB transgenes allowing expression of Drosophila Cyclin B with alterations in the destruction box region were obtained after P element-mediated germline transformation with pUAST (Brand and Perrimon 1993) constructs following standard procedures. In an initial step of the generation of these constructs, we deleted the region encoding the destruction box in a Drosophila Cyclin B cDNA (Lehner and O'Farrell 1990) by inverse polymerase chain reaction (PCR) using the primers 5Ј-CATGGTACCTTTTGTTGTTGCCTCCATGG-3Ј and 5Ј-GACGGTACCCGCGGCATAAGTCGTCCC-3Ј. Ligation of the amplification product after digestion with KpnI resulted in a mutant cDNA plasmid that contained a KpnI restriction site instead of the destruction box. A double-stranded oligonucleotide encoding the myc epitope (MEQKLISEEDLNE) with compatible ends was inserted into this KpnI site for the construction of the UAS-CycB-dbm transgene. The compatible ends resulted in two additional codons on either side of the myc sequence. The mutant cDNA, therefore, coded for GT MEQKLI-SEEDLNE RT in place of the destruction box (RAALGDLQN). For the construction of the UAS-CycB-dbpim transgene, we inserted a different oligonucleotide encoding the PIM destruction box with compatible ends (GT KKPLGNLDN GT). An oligonucleotide encoding a mutant PIM destruction box (GT AK-PAGNLDA GT) was used for the construction of UAS-CycBdbapim. For control experiments, we also inserted an oligonucleotide restoring the Cyclin B destruction box flanked by the extra amino acids resulting from the compatible ends on either side (GT RAALGDLQN GT) to yield UAS-CycB-dbCycB. The Cyclin B cDNA fragments with the different destruction box regions were excised with XhoI and XbaI and inserted into the corresponding sites of pUAST.
To analyze the toxicity of Cyclin B containing either a myc epitope tag, or the PIM destruction box, or the mutant PIM destruction box instead of the normal Cyclin B destruction box, we expressed the appropriate transgenes (UAS-CycB-dbm III.1,
3) ubiquitously using da-GAL4 G32. UASCycB-dbm and UAS-CycB-dbapim expression resulted in complete embryonic lethality in these experiments. In contrast, UAS-CycB-dbpim, UAS-CycB-dbCycB, and UAS-CycB did not affect embryonic viability.
Lines with transgenes resulting in the expression of PIM protein with a carboxy-terminal extension of six myc epitopes under the control of the pim + regulatory region (gpim-myc) have been described previously (Stratmann and Lehner 1996) . For the construction of gpim dba -myc transgenes, in which the pim + regulatory region directed expression of myc-tagged PIM protein with a mutant destruction box (AKPAGNLDA), we started with the removal of an XbaI-BglII fragment encompassing the pim + coding region from pKS + gpim-myc, a cloning intermediate that had been used already for the construction of gpim-myc. Insertion of an XbaI-BglII replacement fragment including the mutant destruction box region resulted in pKS + gpim dba -myc. For the construction of this replacement fragment, we amplified a first PCR fragment using primer 1 (5Ј-CCATCTCTAGAAAAGTGCCGC-3Ј) and primer 2 (5Ј-ACCTGCCGGTTTGGCCAATACGGAATTTG-TAGG-3Ј) from pKS + gpim-myc. In addition, using primer 3 (5Ј-ATTGGCCAAACCGGCAGGTAACCTTGACGCTGTGA-TGCACCAAACTCCT-3Ј) and primer 4 (5Ј-GATCTAAAAT-AGAAGATCTGAATT-3Ј) we amplified a second PCR fragment from pKS + gpim-myc. The intended mutations in the destruction box were introduced by primers 2 and 3 (bold print). The two PCR fragments were digested with BglI and ligated. The final replacement fragment was obtained after digestion of the resulting ligation product with XbaI and BglII. In a final step, the insert was excised from pKS + gpim dba -myc using NotI and KpnI and inserted into the corresponding sites of pCaSpeR 4 (Pirrotta 1988) .
The pUAST construct used for the generation of lines allowing Gal4p-dependent expression of PIM protein with a carboxyterminal extension of six myc epitopes (UAS-pim-myc) contained an insert fragment obtained from pKS + gpim-myc by PCR. Primer 5 (5Ј-GGACGGCCGAAGTGCCGCTCGTTT-3Ј) and primer 6 (5Ј-GCATCTAGAAGTTTTTATAGTTGCTT-TAATTC-3Ј) were used for amplification. The resulting fragment was digested with EagI and XbaI and inserted into the corresponding sites of pUAST. For the construction of UASpim dba -myc, we inserted a different EagI-XbaI fragment including the mutant destruction box region into pUAST. For the generation of this fragment, we amplified a first fragment from pKS + gpim-myc with primers 5 and 2. In addition, using primers 3 and 6 we amplified a second PCR fragment from pKS + gpim-myc. The two PCR fragments were digested with BglI and ligated. The final insert fragment was obtained after digestion of the resulting ligation product with EagI and XbaI.
Lines allowing expression of THR protein with a carboxyterminal extension of 10 myc epitopes (gthr-myc) were obtained using a pCaSpeR 4 construct. In a first construction phase, we introduced restriction sites immediately downstream of the initiation codon (SalI) and immediately upstream of the stop codon (NcoI) into a 9.2-kb genomic XbaI/XhoI fragment that contains all of the sequences required for thr + function (M. Sadler, S. Heidmann, and C. Lehner, unpubl. ). An NcoI/AflIII PCR fragment encoding 10 myc epitope copies was inserted into the NcoI site. The modified XbaI/XhoI fragment was subsequently transferred into the corresponding sites of pCaSpeR 4 and used to establish the gthr-myc lines.
Antibodies
We used mouse monoclonal antibodies against a myc epitope (Evan et al. 1985) , the PSTAIRE epitope present in Cdk1 (Yamashita et al. 1991) , ␤-galactosidase (Promega), ␣-tubulin (Amersham), and Drosophila Cyclin B (Knoblich and Lehner 1993) . In addition, we used rabbit polyclonal antibodies against Drosophila Cyclin A (Lehner and O'Farrell 1989) , Cyclin B , FZY (Sigrist et al. 1995) , PIM (Stratmann and Lehner 1996) , and THR. The rabbit antiserum against THR was induced with a 45-kD hexahistidine tagged carboxy-terminal fragment that was expressed in bacteria and purified using Ni 2+ -NTA affinity chromatography (Qiagen).
Immunoprecipitation
For the coimmunoprecipitation experiments, we collected eggs from either w 1 , or arm-GAL4, UAS-Cdk1-myc II.2, or gpimmyc 3A, or gthr-myc III.1 flies. In addition, we collected eggs from a cross of da-GAL4 females with UAS-pim dba -myc III.1 males. Eggs were collected for 3 hr on apple juice agar plates and aged for 3 hr at 25°C before extract preparation. Extracts were prepared by homogenization in lysis buffer (50 mM HEPES at pH 7.5, 60 mM NaCl, 3 mM MgCl 2 1 mM CaCl 2 , 0.2% Triton X-100, 0.2% Nonidet NP-40, 10% glycerol, 1 mM DTT, 2 mM Pefabloc, 2 mM Benzamidin, 10 µg/ml Aprotinin, 2 µg/ml Pepstatin A, 10 µg/ml Leupeptin). For immunoprecipitation from the cleared homogenates, we used the anti-myc antibody cross-linked (Harlow and Lane 1988) to Protein A-Sepharose 6MB beads (Pharmacia). The immunoprecipitates were analyzed by immunoblotting using ECL (Amersham). Analysis of the immunoprecipitates by silver staining indicated the presence of many nonspecifically precipitated proteins obscuring the specifically coimmunoprecipitated proteins.
Immunolabeling
Fixation of embryos and immunolabeling was performed as described previously (Lehner and O'Farrell 1989) . Secondary antibodies against rabbit or mouse IgG were conjugated to Alexa488 (Molecular Probes), Cy3, or Cy5 (Dianova). DNA was labeled by propidium iodide for analysis by confocal microscopy (Leica TCS-SP) or by Hoechst 33258 for conventional fluorescence microscopy (Zeiss Axiophot equipped with a Photometrics Nu200A cooled CCD camera).
For the analysis of the mitotic degradation of Cyclin B with various destruction boxes, we collected embryos for immunolabeling experiments from crosses of prd-GAL4 females with either UAS-CycB-dbm III.2, or UAS-CycB-dbpim II.1, or UAS-CycB-dbCycB II.1, or UAS-CycB-dbapim II.1. Eggs were collected for 4 hr and aged for 4 hr at 25°C before fixation and labeling.
For the comparison of the mitotic degradation of PIM-myc and PIM dba -myc, we collected embryos from crosses of nos-GAL4-GCN4-bcd3ЈUTR females and either UAS-pim-myc III.3 or UAS-pim dba -myc I.1 males. Eggs were collected for 2 hr and aged for 2 hr at 25°C before fixation and immunolabeling.
For the inhibition of sister chromatid separation during mitosis 15 and cytological analysis of chromosomes in the subsequent mitosis 16, we crossed da-GAL4 G32 females to UASpim dba -myc I.1; UAS-pim dba -myc III.1 males. Eggs were collected for 1 hr and aged for 6 hr at 25°C before permeabilization and colcemid treatment (Sigrist et al. 1995) . Mitotic chromosome spreads were prepared from these embryos as described previously (Sigrist et al. 1995) .
The consequences of pim overexpression were analyzed in progeny collected from crosses of prd-GAL4 females with either UAS-pim-myc III. could be identified because they were lacking anti-␤-galactosidase labeling.
To analyze PIM behavior during spindle checkpoint arrest, we collected eggs from a cross of nos-GAL4-GCN4-bcd3ЈUTR females and UAS-pim-myc III.3 males. Eggs were collected for 30 min and aged for 165 min at 25°C. After chorion removal in 5% sodium hypochlorite (50% Klorix, Palmolive), we incubated the embryos in a 1:1 mixture of octane and Schneider's Drosophila cell culture medium containing 10 µM demecolcine (Sigma) for 25 min at room temperature on a rotating wheel. For fixation, the cell culture medium was replaced by phosphate buffered saline containing 4% formaldehyde and further processing for immunolabeling was as described previously (Lehner et al. 1991) .
To analyze the function of nondegradable PIM in pim mutants, we constructed a pim 1 chromosome with the gpim dbamyc II.5 insertion by meiotic recombination. We collected eggs from parents carrying this chromosome over 1 could be identified because they were lacking anti-␤-galactosidase labeling.
Immunoblotting
Eggs collected from fzy 1 /CyO flies were aged to stage 12 and fixed as described previously (Edgar et al. 1994) . After DNA labeling, homozygous fzy 1 embryos were sorted from sibling embryos using an inverted epifluorescence microscope (Zeiss Axiovert). Extracts were prepared from pooled embryos and analyzed by immunoblotting as described previously (Edgar et al. 1994) .
To analyze pim transgene expression levels by immunoblotting with anti-myc, we crossed pim 1 /CyO, P[w +, . Progeny from these crosses were collected for 30 min on apple juice agar plates and aged for 4 hr at 25°C before preparation of total embryo extracts in SDS-gel sample buffer. The embryos used for extract preparation, therefore, were between 4 and 4.5 hr old, i.e., at the stage when the fifteenth round of embryonic mitoses starts. The embryos contained only zygotically expressed transgene products, because all transgenes were of paternal origin. Zygotic pim + expression starts during cycle 14 of embryogenesis and reaches significant levels only during cycle 15. Zygotic expression of gpim-myc directed by the pim + regulatory region present in our transgenes results in levels comparable to those expressed from the endogenous pim + gene (data not shown). The fraction of unfertilized eggs was controlled after DNA labeling and microscopic inspection of eggs collected immediately after the eggs used for the immunoblotting experiments.
The quantification of PIMdba-myc levels relative to PIMmyc levels by immunoblotting with anti-myc antibodies instead of using anti-PIM antibodies and comparing transgene product levels relative to the endogenous pim + gene products was chosen because the reactivity of our anti-PIM antibodies was found to be strongly decreased by the carboxy-terminal myc epitope extension present in the transgene products. Moreover, it is not possible to distinguish the early zygotic from the maternal expression of the endogenous pim + gene when using the anti-PIM antibodies.
